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Nonenzymatic glucosylation is the first step in a complex,
poorly understood seriesof Maillard orbrowning reactions of
proteins, which occur in thepresence of reducing sugar (1-4).
It is known that nonenzymatic glucosylation is acommon
post-translational modification of proteins in thebody (5, 6),
but it is not yet known if the subsequent Maillard reactions
also occur in uiuo. Glucosylation is initiated by condensation
of glucose, in its open chain
form, with protein aminogroups,
primarily the t-amino groupsof lysine. The initial productis
an aldimine (Schiff base) derivative (Fig. 1).The equilibrium
constant for this reaction is unfavorable, but the aldimine
slowly undergoes Amadori rearrangement to yield a relatively
* This work was supported by United States Public Health Service
Research Grants AM-19971 and 25373. The Nuclear Magnetic Resonance Center at the University of South Carolina is supported by
National Science FoundationGrantCHE
82-07445. The costs of
publication of this article were defrayed in part by the payment of
page charges. This article must therefore be hereby marked “aduerttsement” in accordance with 18 U.S.C. Section 1734 solely to indicate
this fact.
11 Recipient of United States Public Health Service Research Career Development Award AM-00931.

the product was purified by chromatography onDowex 50W-X8 (BioRad) using the linear pyridine-acetate gradient described by Chiou et
al. (10). Glucosyl-n-butylamine was made from glucose and n-butylamine according to Mitts and Hixon (11).Fructoseglycine was
prepared as described by Abrams et al. (12).
Glucose Purifi~ation-6-[~H]Glucosewas purified by paper chromatography (Whatman 3 MM) overnight in butano1:pyridine:water
(954). The chromatogram was scanned on a Packard Model 7201
Radiochromatogram Scanner and theglucose region eluted with 1ml
of distilled water. This glucose was stored at 4 “C andused within 2
weeks of purification. In preliminary experiments, I3C-enriched glucose was preincubated for 48 h with RNase to remove any reactive
contaminants, analogous to thosedescribed in preparationsof radioactive glucose (13). However, no differences were observed in the
NMRspectra
of protein glucosylated with I3C-enricbed glucose
whether or not theglucose had been preincubated with protein. Thus,
in the experimentsreported here %-enriched sugars were used
without further purification.
Glucosylation Reactions-All glucosylation reaction mixtures were
sterilized by filtration through a Gelman 0.2 p Acrodisc filter immediately prior to incubation. RNase (274 mg/2 ml, 10 mM) was glucosylated at 37 “C for 6 days with 0.25 M 13C-enrichedglucose in 0.2 M
phosphate buffer, pH 7.4. Poly-L-lysine (274 mg/2 ml) was glucosylated under identical conditions except that the incubation was carried out for only 3 days. At the end of the incubation period, reaction
mixtures were dialyzed in Spectrapor membrane tubing ( M , = 60008000 cutoff, Fisher) at 4 “C against 0.2 M phosphate buffer, pH 7.4,
to remove free glucose.
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Nonenzymatic glucosylationof protein is initiated by stable derivative, commonly termed the ketoamine adduct( 5 ,
the reversiblecondensation of glucose in its open chain 6). The products obtained in subsequent Maillard reactions
form with the amino groups
on the protein. The initial are necessarily dependent on the structure and reactivity of
product is an aldimine (Schiff base) which cyclizes to the early adductsformed between glucose and proteins; howtheglycosylaminederivative.Thealdiminecan
ever, the actual conformations of the protein-bound sugar
undergo a slow Amadori rearrangement to yield the have notbeen fully characterized. Based on model studies (1relatively stable ketoamine adduct which is structur- 4) with smallmolecules, the Schiff base and Amadori adducts
ally analogous to fructose. 13C NMR has been used to should exist largely in cyclic furanose and pyranose conforof nonenzymatic glu- mations, i.e. as glycosylamines and N-substituted l-amino-lcharacterize these early products
cosylation, using RNase A as a model protein. C-1 of deoxyglycoses (Figs. 1 and 2). Recently, Fischer and Winterthe @-pyranose anomer
of the glycosylamine was iden- halter (7) concluded that Amadori adducts to hemoglobin
tified at 88.8 ppm in the spectrum of RNase glucosybecause of their lack
of the Amadori exist almostexclusively in the ring form,
lated -1:l with ~-[l-’~C]glucose. C-1
of
reactivity
with
phenylhydrazine.
In
the
present study, we
product was also apparent in this spectrum, resonating
13C NMR at 9.4 Teslas (100.6 MHz) to characterize
have
used
as a pair of intense peaks at 52.7 and 53.1 ppm. The
anomeric ((2-2)resonances of the Amadori adductwere the actual conformationsof glucose adducts to protein, using
seen in the spectrumof RNase glucosylated -1:l with bovine pancreatic RNase A as a model protein.
[U-lsC]glucose. This spectrum was interpreted
by comMATERIALS AND METHODS
parison to the spectra
of reference compounds: D-fructose, fructose-glycine, Ne-formyl-W-fructose-lysine, RNase A (Type XII-B), L-lysine, and poly-L-lysine (approximate
and glucosylated poly-L-lysine. In the protein
spec- M , = 14,000) were purchased from Sigma, glycine and D-fructose
trum, the most intense of the C-2 resonances was that from Fisher, n-butylamine from Aldrich, and D-glUCOSe from P & L
was obtained from New England Nuof the @-fructopyranose anomer at 95.8 ppm. The a- Laboratories. 6-~-[~H]Glucose
14.5 atom % enriched, was obtained from
and @-fructofuranose anomers were also observed at clear. ~-[U-’~C]Glucose,
99 atom % enriched, from Omi101.7 and 99.2 ppm, respectively. One unidentified MSD Isotopes and ~-[l-’~C]glucose,
signalintheanomeric
region was observedin the cron Biochemicals.
Preparation of Model Compounds-Ne-formyllysine was prepared
spectra of poly-L-lysine and RNase, both glucosylated from
acetic anhydride and lysine formate according to the method of
with [U-’3C]glucose; no comparable resonances were
Hofmann (8). Nu-formyl-W-fructose-lysine was synthesized using
observed in the spectraof the model compounds.
glucose and Nu-formyllysine as described by Finot and Mauron (9);
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FIG. 1. Early products of nonenzymatic glucosylation of
protein.

RESULTS AND DISCUSSION

Characterization of Glycosylamine Adduct to RNase-The
spectrum of native RNase A (Fig. 3A) contains no carbon
resonances in the region characteristic of the anomeric carbons of either 0-linked (90-110 ppm) or N-linked (80-90
ppm)carbohydrates (14). However, inpreliminary experiments, carbohydrate resonances were not detectable in these
regions in the spectrumof RNase glucosylated -1:l with the
naturalabundance ['3C]glucose. Incontrast,theanomeric
carbon resonanceswere readily seenin the spectrum
of RNase
glucosylated with [l-'3C]glucose (Fig. 3B). In order to minimize dissociation of the glycosylamine derivative, these spectra were acquired after a relatively short dialysis period (see
legend to Fig. 3). Thus,thedominant
resonances inthe
spectrum are those of C-1 of the a and @ anomers of free
glucose at 91.9 and 95.6 ppm, respectively. The resonance at
88.8 ppm is attributedtotheanomericcarbon
of the @glucosylamine adduct to RNase (see below). This resonance
is much less intense after 24-h dialysis and is not detectable
after 48-h dialysis of RNase glucosylation reaction mixtures.
It also disappeared completely (data not shown) after a 1-h
exposure of the glucosylated RNase to pH 5 at 37 "C, a
treatment known to cause rapid hydrolysis of small molecule
glycosylamines (15) and to discharge glycosylamine adducts
from other proteins (16).
The assignment of the resonance at 88.8 ppm in the spectrum of glucosylated RNase as the @-pyranose anomer
of the
glycosylamine isbasedon comparison to the spectrum of
glucosyl-n-butylamine (Fig. 3, C and D).Although this compound was dissolved in buffer shortly before starting the NMR
experiment, somehydrolysis is evident since the a and @
anomers of free glucose are clearly visible in the spectrum in
Fig. 3C. The prominent resonance at 89.7 ppm is assigned to
the @-pyranose and atthat
86.2 ppm to the a-pyranose anomer
of glucosyl-n-butylamine. By analogy to the structureof glucose insolution,furanoseanomers
of the glycosylamine
should be rare, but, if present, would likely be obscured by
the free glucose resonances. The increased shielding (upfield
shift) of the anomeric carbonsof the glycosylamine, relative
to glucose, is in agreement with the chemical shifts of Nlinked carbons, in general (14). Further support for the asPROTEIN

I

LYs

I

NH

NH

I
LYE

I

PROTEIN

'd

0-ANOMER

FIG. 2. Tautomeric equilibria of
Amadori adducts to protein.

PROTEIN

(HCOH),

PROTEIN

I

(X-ANOMER

l-(Nf-Lys-PROTEIN)-lDEOXY-D-FRUCTOFURANOSE

2

NH

c5

I
PROTEIN
<X-ANOMER

~ - ( N ~ - L ~ S - P R O T E I N ) --I
DEOXY-D-FRUCTOPYRANOSE

Downloaded from http://www.jbc.org/ at USC SCHOOL OF MEDICINE on September 30, 2014

The extent of protein modification by glucose was estimated from
parallel reaction mixturescontaining 6-[3H]glucose.Radioactive, glucosylated protein was separated from free glucose by Sephadex G-25
(Pharmacia) chromatography; the degree of substitution was calculated from the specific activity of the 6-[3H]glucose and radioactivity/
mg of protein. The calculated degree of modification of RNase and
poly-L-lysine was 1.2 and 3 mol of glucose/mol of polypeptide, respectively.
NMR Spe~troscopy-~~C NMR
spectra were obtained a t 100.6 MHz
on a Bruker WH-400 spectrometer at the National Science Foundation Regional NMR Center at the University of South Carolina,
employing a standard Bruker 10-mm broadband probe. All samples
contained 20% DzO (v/v) in 0.2 M potassium phosphate buffer, pH
7.4, unless otherwise stated. Sample temperature was regulated at 5
1 "C.
Spectra were acquired with broadband proton decoupling (2 watts)
at a sample width of 25,000 Hz (250 ppm) following a 10-ps pulse (tip
angle equal to -30"). The time domain spectrum was sampled for
approximately 0.33 s (16K data points), yielding an effective resolution of about 3 Hz. Successive scans were acquired without a relaxation delay.
The 16K data table was Fourier transformed without zero filling
following an application of 10-Hz line broadening.Difference spectra
were obtained by digitally, subtracting thespectrum of native RNase
from the sample spectrum. Chemical shifts were referenced to external dioxane (0.2 M potassium phosphate, pH 7.4, 20% DzO) at 66.5
ppm to lower shielding from tetramethylsilane.
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FIG.3. 13C NMR spectra of native and glucosylated RNase
and glucosyl-n-butylamine. A, natural abundance I3C NMR spectrum of native RNase: 5 mM; 217,470 scans. B, spectrum of RNase
glucosylated with ~-[l-'~C]glucose.
Glucosylated RNase, 1.2 molof
glucose/mol of protein, was prepared as described under "Materials
and Methods." At the end of the incubation period the protein was
dialyzed for a totalof 2 h against2 changes of phosphate buffer. Final
protein concentration: 4.7 mM; 217,470 scans. C, spectrum of glucosyln-butylamine: 0.2 M; 12,175 scans. D,hydrolyzed glucosyl-n-butylamine. This sample was allowedto incubate for 72 h at 4 'C, and then
a second spectrum was obtained, as above.

signment of the glycosylamine resonances is found in Fig. 3 0 ,
whichis the spectrum of glucosyl-n-butylamine after 72-h
incubation at 4 "C, after substantial hydrolysis of the glycosylamine had occurred. The hydrolysis reaction results in an
increase in the free glucose anomeric resonances and a concomitant decrease in the relative intensity of the glycosylamine peaks. No resonances were observed in the azomethine

(>,=N-)

region at 145-165 ppm (17) in the spectra of

either glucosylated RNase or glucosyl-n-butylamine. Thus,
there is no evidence for a measurable concentration of the
open chain, Schiff base conformation of the glycosylamines
(Fig. 1).

-

-l

11'

OFIG. 4. "C NMR spectra of RNase and poly-L-lysine glucosylated with D-[U-'3C]glUCOSe and D-frUCtOse. A, glucosylated

RNase, 1.2 mol of [U-'3C]glucose/mol of protein, was prepared as
described under "Materials and Methods." Protein concentration: 7.5
mM; 217,470 scans. B, glucosylated poly-L-lysine, 3 mol of [U-I3C]
glucose/mol of polypeptide was prepared as described under "Materials and Methods." Polypeptide concentration: 69 mg/ml; 217,470
scans. C, D-fructose: 0.5 M in 0.2 M phosphate buffer; 2,345 scans.

As a methylene carbon attached to nitrogen, C-1 of the
Amadori rearrangementproducton
RNase is expected to
resonate between 40 and 60 ppm (17) (Figs. 1 and 2). This
resonance is clearly evident at -53 ppm in the spectrum of
glucosylated RNase (Fig. 3B), and was unaffected by pH 5
treatment which discharged the glycosylamine adduct (data
not shown). No signals were observed in the region of ketone
resonances (175-225 ppm) (17). Thus, in agreement with the
chemical studies of Fischer and Winterhalter (7), thereis no
evidence for the open chain, ketoamine conformation of the
Amadori product. The additional peaks in the spectrum between 60 and 80 ppm in Fig. 3B are attributed to natural
abundance resonances of carbons 2-6 from the [l-'3C]glucose
in the sample. Based on the integrated intensities of the C-1
resonances of the glycosylamine (88.8ppm) and Amadori (53
ppm) adducts (after digital subtraction of the native RNase
spectrum), it could be estimated that about 14% of the pro-
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TABLEI
Chemical shifts and intensities of anomeric carbon resonances of [U-'3C]Glc-RNase and model compounds
Compound"
nose

nose

a-Fructofuranose

Chemical shift of anomeric carbon
@-FructofuraUnknown
a-Fructopyra-

@-Fructopyra-

Ratio Of

ppm'

96.5

[U-13C]Glc-poly-~-lysine
97.8
98.8
[U-13C]Glc-RNase
95.8
96.5
96.2 Ne-Formyl-N'-fructose-lysine
98.7
Fructose-glycine
D-Fructose 101.4
a

101.9
101.7
98.1
101.7
101.8
104.3

95.5
99.2
-

98.9

1:5-:-:23

96.1
-

95.4
98.1

1:1.1:1.9:1:12.6
1:1.2:3.4:2.65.2
1.5:1.8-:1:14.0
1.3:1.4-:1:9.0

Compounds prepared as described under "Materials and Methods."
Peak heights measured on spectra in Figs. 4 and 5.
Chemical shifts expressed relative to trimethylsilane, taken from spectra shown in Figs. 4 and 5.

tein-bound glucose existed as theglycosylamine adduct.' This
is in good agreement with the observation that when glucosylated RNase from a parallel incubation with 6-[3H]glucose
was treated at pH5, 12.5% of the protein-bound glucose was
released.
Conformation of Amadori Adducts to RNase-Once the
Amadori rearrangement has occurred, the product may assume several possible ring conformations, as illustrated in
Fig. 2. To determine which of these structures are present,
RNase was glycosylated with [U-13C]glucose.A model polypeptide, glucosylated poly-L-lysine, was also prepared. As
shown in Fig. 4, A and B , several anomeric resonances (90110 ppm) were observed in the spectra of both glucosylated
peptides. Because the Amadori adducts to protein are structurally analogous to fructose, their spectra may beinterpreted
by comparison to thespectrum of free D-fructose in the same
phosphate buffer (Fig. 4C). Inspection of these spectra shows,
in fact, that the anomeric carbons on the polypeptides resonate similarly to those of the a- and @-furanose and @pyranose anomers of fructose. As with fructose, the 0-pyranose anomer yields the most intense signal in the spectra of
glucosylated RNase and poly-L-lysine at 95.8 and 95.5 ppm,

respectively. Distinct resonances due to thea- and 0-furanose
anomers arealso observed at 101.7 and 99.2 ppm in the protein
and polypeptide spectra (see Fig. 5 for greater detail). The
slight shielding (about 2 ppm) of the anomeric carbons on
RNase and poly-L-lysine, compared to fructose, results from
the substitution of an amine nitrogen in the Amadori compound for the C-1 hydroxyl group of fructose (Fig. 4, A and
B , compared to Fig. 4C; see also Table I). Carbons 3, 4, and 5
of the furanose anomers on protein and poly-L-lysine appear
between 74 and 83 ppm (Fig. 4, A and B ) , essentially the same
locations as in free fructose. The pyranose ring carbons and
C-6 of the furanose resonate between 64 and 70 ppm in these
spectra. In general, the ratio of furanose to pyranose ring
carbon intensities appears comparable to theratio of intensities of the anomeric carbons.
While the carbohydrate resonances in the spectra of the
Amadori adducts agree closely with those of free fructose, the
anomeric resonance at 98.1 ppm in RNase and at 97.8 ppm
in poly-L-lysine (Fig. 5 ) is unique to the macromolecule spectra.Its
appearancein
glucosylated poly-L-lysine argues
against an unusual environmental effect in RNase, e.g. glucosylation of an active-site lysine. However, if a-amino groups
were more reactive than t-amino groups, the additional peak
In order to obtain better sensitivity, all spectra were acquired
could result from preferential glucosylation at the a-NH,without suppression of Nuclear Overhauser Enhancement. The estiterminal lysines in both RNase and poly-L-lysine. The model
mate is, therefore, only approximate, and assumesa comparable
compounds, fructose glycine and N"-formyl-N'-fructose-lyOverhauser effect for C-1 of both the glycosylamine and Amadori
compounds.
sine were, therefore, synthesized to determine whetherglucose
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mation appears to be the predominant structure in solution,
based on the intensity of the various resonances. Thus far,
RNase A has proven to be a useful model protein for characterizing the structures of the early products of the Maillard
reaction by 13C NMR spectroscopy. Similar studies are in
progress to identify other products and intermediates in the
browning and aging of protein in the presence of reducing
sugars.
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adducts to an a-aminogroup would resonate differently from
those on an c-amino group. The spectra of the anomeric region
of these compounds, shown in Fig. 5 , are identical with one
another. As with fructose, the @-pyranose anomeris the most
intense peak in these spectra. The relative intensities and
spacing of the furanose and pyranose peaks are also comparable in the polypeptides and model compounds (Fig. 5), with
the exception of the unidentified peak at -98 ppm. Comparison of the spectra of fructose-glycine and N"-formyl-N"
fructose-lysine indicates that the difference in substituents
on the carbon y to theanomeric carbondoes not substantially
affect the resonance of the anomeric carbon. Thus, there is
no evidence that the unidentified signal in the anomeric
region results from glucosylation at the a-NH2
terminus.
The spectra in Fig. 5, C and D also contain a distinct
resonance a t 96.5 ppm, appearing as a shoulder about 1 ppm
t o lower shielding (downfield) of the @-pyranose peak. We
have tentatively assigned this resonance to the a-pyranose
conformation. The a-pyranose peak is also apparent as a
shoulderon the @-pyranoseanomer in both glucosylated
RNase and poly-t-lysine (Fig. 5). The locations and intensities of the various resonances for the glucosylated polypeptides and model compounds described in Figs. 3-5 are summarized in Table I.
Conclusions-Overall, with the exception of the unassigned
resonance at -98 ppm, the spectra of glucose adducts to
RNase were readily interpreted by reference to thespectra of
the free sugars, glucose and fructose. The anomeric carbons
of the glycosylamine and Amadori compounds were observed
to resonate slightly upfield (to higher shielding) of the corresponding carbons in the sugars. The spectra of the Amadori
adducts to RNase A and poly-L-lysine were not significantly
different from one another with respect to either thelocation
or the relative intensity of the peaks. For all of the model
compounds, as well as the free sugars, the pyranose confor-
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